The Qinling Mountains are located in a transition zone between (semi)-arid regions in north China and humid regions in south China. The water resource and water ecology of regional rivers are strongly affected by climate change and human activity. In this paper, the stochastic simulation of river water regulation was performed and an optimal water regulation scheme of rubber dam projects was developed by establishing a multi-objective stochastic constraint water regulation model of rubber dam projects based on the coupling of a distributed hydrological model and a water balance model.
Aadland () and Gippel () evaluated the impact of constructing and operating water conservancy projects on water ecosystems in the lower reaches of a watershed based on monitoring data of runoff and water quality. Therefore, studies are urgently needed to investigate the overall environmental change in watersheds based on the regulation of rubber dam projects and experiments in the field, in order to reveal the impact of rubber dams on water quality and ecology in the urban rivers of west China.
Here, the Bahe River, a heavily polluted urban river at the northern foot of the Qinling Mountains, was selected to undertake the following studies. 
Water regulation model and solution
We constructed the water regulation model of river reaches using two constraints based on the principle of water balance in river reaches, i.e. the inflow process from the upper river channel simulated by the GBHM and the mean critical flow velocity in the cross-section. The model was used to calculate the mean flow velocity in the crosssection, interval water consumption, and seepage in the rubber dam reservoir areas, with the rubber dam projects being elevated to different heights.
Water balance method
The water balance equation was established using the inflow, outflow, precipitation, infiltration and evaporation in the 3# and 2# rubber dam reservoir areas:
where W Precipitation is the precipitation during the study period; W Inflow is calculated using the GBHM; W Outflow is the outflow water of the rubber dam reservoir; W Evaporation is the water surface evaporation (calculated using monthly evaporation data) times the area, namely the total evaporation in the corresponding period; W Leakage is the total of lateral seepage and bottom seepage in the river channel;
W Withdrawal is the water storage and ΔV is the variation of water storage in the rubber dam reservoir areas.
Multi-objective stochastic constraint model and solution
We constructed the multi-objective stochastic constraint model based on water balance Equation ( 
where P j is the priority factor, which indicates the importance of the goals (P j is far greater than P jþ1 for all); u ij is the weight factor of positive deviation for the ith goal of priority j; v ij is the weight factor of negative deviation for the ith goal of priority j; The optimal water storage height of rubber dam projects in the lower urban reaches was finally determined using stochastic simulation and an intelligent optimization algorithm.
Water quantity in the lower reaches after reservoir operation
In order to construct a GBHM with better physical proper- 
Optimal regulation scheme of rubber dams in the lower urban reaches in typical year
The runoff in the Bahe River watershed is mainly formed by precipitation. The precipitation in the mountain area is a decisive factor for runoff change in lower reaches. In the Bahe River watershed, the runoff has large interannual variations, uneven intra-annual distribution, and significant seasonal changes. During the dry season, the channel inflow is low and water pollution occurs frequently, especially in normal and dry years. Therefore, we selected typical years for simulating hydro-ecological regulation in the lower urban reaches of the Bahe River, with a specific focus on the dry season in a year. The regulation scheme of rubber dams was developed for normal and dry years.
In accordance with the changes in the relationship between annual rainfall and runoff, we selected the normal year 2001 and the typical dry year 2005 for simulation and calculation based on the total annual runoff. A specific consideration was given to the inflow change during the dry season. The GBHM was used to inverse the downstream channel inflow process in the present conditions (land use change, operation of upstream water diversion project, and water withdrawal in river reaches).
Water regulation of rubber dams in the lower urban reaches was simulated based on the water balance model. The calculation was conducted using the mean flow velocity of greater than 0.01 m/s and ecological basic flow greater than 10% of the inflow from the upper reach in order to improve the water environment self-purification capacity. Tables 1 and 2 show the stochastic simulation and calculation results of water regulation in river reaches based on the GBHM coupled with the water balance model. There was a ∼40% reduction of water in the lower river reaches due to operation of water supply reservoirs in the upper reach and impoundment of rubber dam projects in the lower reaches. After reservoir operation in the upper reach, the annual and monthly inflows into the lower river channel were reduced by ∼30%. Water surface area and surface evaporation also increased in the rubber dam reservoir areas. Evaporation increase accounted for ∼6% of the water 
SUMMARY AND CONCLUSIONS
Implementing optimal regulation of dams in the lower reaches of heavily polluted rivers is useful to ensure the environmental flow in river channels. Meanwhile, increasing flow velocity helps to improve the water environment self-purification capacity. These measures can effectively reduce the concentration of pollutants in heavily polluted urban rivers in semi-arid areas, with important implications for protecting the regional water resources. In this study, we proposed the optimal regulation scheme of rubber dams in order to improve the hydro-ecological conditions, especially in the plain area of the urban river downstream, where the deterioration of the water environment is most obvious.
The main conclusions are as follows:
1. The operation of a water supply reservoir in the upper reach led to decreased channel inflow in the lower urban reach of the Bahe River. River impoundment by rubber dam projects in the lower reaches resulted in increased surface water area and strong water surface evaporation. Meanwhile, natural riverbed seepage increased. These were the main reasons for the decline of water quantity in the river channel and aggravation of water pollution in the lower Bahe River.
2. After the rubber dams impounds, lateral and bottom seepage in the river channel increased, contributing to shallow groundwater recharge. Groundwater reserves increased as a result, possibly alleviating the urban water shortages. With increasing groundwater exploitation, the groundwater level in the center of the funnel rises and tends to reach a dynamical equilibrium, potentially improving the groundwater environment in the riparian zone. These issues need to be studied further.
3. The performance of the models proposed in this paper was limited by the available data records. The proposed regulation scheme of rubber dam projects may help improve the river water quality. In order to improve the performance of the proposed regulation scheme, we suggest a reasonable water quality data length which exceeds the smallest cryptic period of the run-off time series.
4. In order to improve the hydro-ecological environment in urban rivers, one of the critical issues is to investigate and study the impact of dams on the distribution of 'runoffevaporation-storage-seepage' in hydrological processes, as well as the water conversion and pollutant migration of groundwater and surface water.
Further research should focus on the influence of dams on the aquatic ecosystem.
